Surfactants may enhance the biodegradation of hydrophobic substances in soils. This has partly been attributed to an increase in the bioavailability, brought about by the presence of surfactants. The aim of this study was to examine the ecotoxicological e4ects of the detergent linear alkylbenzene sulfonate (LAS) and the polycyclic aromatic hydrocarbon pyrene, alone and in combination, using the survival and reproduction of the collembolan Folsomia fimetaria as endpoints. The EC 50 and EC 10 were 803 and 161 mg kg ؊1 for LAS, and 23 and 15 mg kg ؊1 for pyrene. If LAS was able to increase the bioavailability of pyrene to springtails, it was expected that the combined e4ect of the two substances would exceed the e4ect found for each of the compounds tested separately. However, the results showed no e4ect of LAS on the toxicity of pyrene in the concentration range tested (1+750 mg LAS kg ؊1 dry weight). Both the toxic unit concept and the isobologram method indicated that an additive approach would be the most useful when assessing the risk of these two compounds.
INTRODUCTION
There is an obvious contradiction between the general practice of evaluating ecological risk of contaminants on the basis of toxicity data from organisms exposed to single substances and the fact that organisms living in and on contaminated soil typically are simultaneously exposed to various contaminants. The extrapolation from standardized laboratory conditions to real-world situations generates various uncertainties of which joint e!ects of chemicals are one of the major qualms (Posthuma et al., 1997) . These uncertainties are normally accounted for by introducing safety or assessment factors (Chapman et al., 1998) .
However, this approach is, in its current use, very often conservative and applied to all kinds of pollution regardless of the nature and history of the contaminants. Joint e!ects of toxicants may be similar to (additive) or stronger (synergy) or weaker (antagony) than expected from the observed e!ects of separate exposure. The responses to simultaneous exposure to multiple chemicals depend on the constituents of the mixture and may vary signi"cantly, e.g., additive e!ect of narcotic compounds (Hermens et al., 1984) or possible synergy between di!erent stressors (e.g., H+jer et al., 2001) . Such variation calls for a "rm scienti"c basis for coping with chemical mixtures in risk assessment. Whereas the toxicity of mixtures are relatively well studied in the aquatic environment (e.g., Kraak et al., 1993; Enserink et al., 1991; McCarthy et al., 1992) , the toxicity of chemical mixtures in soils is not very well investigated. Within the soil environment di!erent types of interactions between chemicals may occur. These include chemical and physico-chemical interactions with other constituents of the soil, thus a!ecting sorption and bioavailability, physiological interactions in the organisms a!ecting uptake from the soil or pore water, or mechanistic processes at the target receptors (Calamari and Alabaster, 1980; Van Gestel and Hensbergen, 1997) . Chemicals present in mixtures may interfere with each other at each of these steps.
Polycyclic aromatic hydrodrocarbons (PAHs) constitute a variable group of compounds, all made up of 2}7 benzene rings. PAHs are not produced for any speci"c use, but due to both natural and man-made processes they are widespread in the environment. They may occur in large quantities in industrial products from the petro-chemical industry, the coke factories, and coal tar processing, and in creosote wood preservatives. The emission of PAHs into the environment is a result of spills, or incomplete combustion of fossil fuels such as coal, oil, petrol, and wood. PAHs emitted to the air from coal and petrol combustion at, e.g., gas works and cooking plants or by car and air tra$c are mainly bound to aerosols and hence able to travel long distances (BjoK rseth et al., 1979) . PAHs are typically present as complex mixtures at contaminated sites, land"lls, or agricultural areas receiving sewage sludge. Some PAHs are potentially carcinogenic and the fate of these compounds is therefore of high public interest. With n-octanol}water partitioning coe$cients (log K values) between approximately 3.4 (naphthalene) and 7.7 (indeno(1,2,3,-cd)pyrene) (Sims and Overcash, 1983) , PAHs are relatively insoluble in water and are therefore primarily associated with the particulate phase, in particular the organic matter (Means et al., 1980) . The removal of PAHs from the soil takes place from abiotic loss (e.g., leaching, hydrolysis, photodegradation, volatilization) and microbial degradation. Volatilization is a signi"cant removal pathway for the two-and three-ringed PAHs (Bossert and Bartha, 1986; Park et al., 1990) , whereas PAHs with four or more rings are much less a!ected by abiotic processes. Biodegradation is also signi"cantly higher for two-and three-ringed PAHs (Wilson and Jones, 1993; Sims and Overcash, 1983) . The half-lives of PAHs in the environment strongly depend upon the contamination history of the soil and parameters such as temperature, pH, redox conditions, soil structure, and nutrient supply (Maliszewska-Kordybach, 1993; Manilal and Alexander, 1991; Mihelcic and Luthy, 1988; Coover and Sims, 1987) . In general, many of the PAHs have half-lives longer than 100 days. Whereas the bioavailability and leaching of the PAHs with "ve or more rings is very limited, due to their high absorption to soil material, some leaching has been observed for the smaller compounds, such as naphthalene and the three-ringed PAHs (Grenney et al., 1987) .
The low bioavailability of many PAHs limits the development of e$cient biodegradation technologies in remediation processes. Chemically and biologically produced surfactants are known to enhance the solubility of hydrophobic organic compounds like PAHs (e.g., Aronstein et al., 1991; Abdul et al., 1991) . They are therefore occasionally used when remediating, for example, coal tar-contaminated soils. The mechanisms behind surfactant-enhanced biodegradation and the interactions between the microorganism, the PAHs, and the surfactants are not fully understood. For example, more information on how the surfactants in#uence the survival and activity of the microbial degraders is needed before surfactants can be applied successfully as a bioremediation technique (Willumsen, 1998) . Increasing the bioavailability of organic contaminants like PAHs may not only make them more available for microbial degradation, but may also make them more available for uptake in other soil-dwelling organisms, like plants and soil fauna. Furthermore, surfactants may on their own pose a risk to soil living species . Simultaneous exposure to surfactants and PAHs may also occur in sewage sludge-amended soils. For example, linear alkyl benzene sulfonate (LAS) detergents can be found in a large number of household products, and for this reason they are present in high concentrations in sewage sludge. The soil concentration in sludge-amended soils will typically be below 10 mg kg\, but may occasionally reach more than 50 mg kg\ (Jensen, 1999) .
In this article the reproductive output of the soil microarthropod Folsomia ,metaria exposed to di!erent concentrations of a commercial LAS and pyrene, alone and in combination, is investigated.
MATERIALS AND METHODS

Test Substances and Sample Preparation
Pyrene (desiccate) was obtained from Sigma}Aldrich. Acetone (J. T. Barker, HPLC quality) was used as solvent. The LAS sodium salt used was an aqueous solution with an active matter concentration of 20.3% (w/w) (Isorchem 113/S-Na, Condea Augusta S. p. A., Milan, Italy). The percentage distribution of the linear alkyl chain was C (14%), C (34%), C (31%), and C (21%). Pyrene was dissolved in acetone in a stock solution corresponding to the highest test dosage. For each of the test concentrations used, dilutions from the stock solution were made using acetone; 4 mL of acetone with test substance was added to each container. Two control samples with pure acetone or water was also prepared. Following the addition of test substance in acetone, the containers were weighed and the weights recorded. The solvent was evaporated under a fume head for 24 h, and the containers were then weighed again to make sure the solvent was totally evaporated. LAS, dissolved in water at concentrations corresponding to the dosages tested, was then added so that the water content equaled 50% of the water-holding capacity and mixed thoroughly into the soil. The soil was then transferred to plastic cylinders (5.5 cm high, diameter 6 cm) with a 1-mm mesh in the bottom. During incubation the test containers were closed at the top and bottom with lids.
Experimental Soil
A natural Danish soil (Askov soil), dried at 803C for 24 h, was used. Samples were sieved through a 2-mm mesh prior to use. The Askov soil is a sandy loam, and it has the following particle size distribution: coarse sand (200} 2000 m) 38.4%, "ne sand (63}200 m) 23.6%, coarse silt (20}63 m) 10.0%, "ne silt (2}20 m) 12.3%, clay ((2 m) 13.0%. The humus content of the soil was 2.8%, and the total content of organic carbon, 1.6%. The soil pH (pH-H O) was 6.2, the soil density was 1.135 (g/cm dry soil), and the total cation exchange capacity (CEC) was 8.14 meq 100 g\. 
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Test Organisms
Collembolans (F. ,metaria) were synchronized, mass-bred in petri dishes containing a regularly dampened charcoal/ plaster of Paris mixture, kept in darkness at 20$13C, and fed on bakers's yeast. The springtail F. ,metaria is widely distributed and common in several soil types ranging from sandy to loamy soils and from mull to mor soils. It has an omnivorous feeding habit, including fungal hyphae, bacteria, protozoa, and detritus in its food. Adults of F.
,metaria are 0.8}1.4 mm long and weigh 10}30 g (dry weight). The test animals used in the tests are permanently cultured at the Danish National Environmental Research Institute. F. ,metaria is sexually mature after 18 days, reaching the sixth instar. They reproduce sexually. Synchronized cultures were obtained by incubating adult animals in new petri dishes for a few days, after which the adults were removed. The "rst eggs hatch after approximately 10 days. After 3 days, unhatched eggs were removed, leaving 0-to 3-day-old juveniles. Sexual di!erence between male and female is di$cult to determine before 23}26 days after hatching, and this age group is therefore used for the experiments.
Principle of Test
The tests were performed according to a procedure described by Wiles and Krogh (1998) . Based on a preliminary range "nding test, a range of concentrations was selected for the reproduction test. In the reproduction test, a geometric series of "ve concentrations or mixtures were used, in addition to the control samples. Four replicates were used per concentration. Test concentrations in the pyrene and LAS tests were 240, 120, 60, 30, and 15 mg pyrene kg\ soil dry weight and 800, 400, 200, 100, and 50 mg LAS kg\ soil dry weight. In the mixture studies four exposure series were used. Two tests were performed using the same test concentrations of pyrene as in the standard test, but with the addition of 1 and 10 mg LAS kg\, respectively, to all replicates. In addition, two tests were performed where the test concentrations of both LAS and pyrene were varied. In the "rst of these tests, LAS#pyrene concentrations were 5#0.8, 15#2.4, 50#8, 150#24, and 500#80 mg kg\, corresponding to EC proportional values of : for the LAS:pyrene mixture. In the second test, LAS#pyrene concentrations were 7.5#0.6, 2.5#1.8, 75#6, 225#18, and 750#60 mg kg\, corresponding to EC proportional values of : for the LAS:pyrene mixture. Following the sample preparation, ten male and 10 female collembolans were added to each replicate. The tests were conducted at 20$13C under lighting of about 400}800 lux with a 12/12-h photoperiod. The exposure period was 21 days, and test containers were opened after 7 and 14 days for feeding and, in case of water loss, addition of water. At the end of the test period, the organisms were extracted using a controlled-temperature gradient extractor based on the principles described by MacFadyen (1961) and Petersen (1978) . Extraction was started at 253C and the temperature was increased automatically every 12 h by 53C. After 12 h at 403C the extraction was "nished. During the extraction, animals were collected in cool collecting vessels (53C) with a bottom layer of plaster of Paris/charcoal.
Counting and Statistical Analysis of Results
The collembolans were counted using digital image processing (DIP) and image analysis procedure as described by Krogh et al. (1998) . The data produced by the image analysis software (Anakron, Roskilde) were analyzed using the computer program SAS/INSIGHT Release 6.12 (SAS, 1999) . Estimations of the 50 and 10% e!ect concentrations for reproductive output (EC and EC values, respectively) were done by logistic regression in SAS/INSIGHT Release 6.12 (SAS, 1999). Data were "tted according to the following formulas, which showed a good "t to the dose} response curves: For the EC : juv"k(1#(conc/EC )A)\; for the EC : juv"k(1#(1/9) * (conc/EC10)A)\. Noobserved-e!ect concentrations (NOEC values) were assessed using ANOVA and Dunnett's procedure (at a 5% signi"cance level) on the data. The 50% e!ect concentrations for lethality (LC values) were estimated by probit analysis in SAS/INSIGHT Release 6.12 (SAS, 1999).
RESULTS
Veri"cation of exposure concentrations was performed for two levels of pyrene in one of the tests. As seen in Table 1 , the measured concentrations of pyrene were close to nominal. It was therefore decided to base all e!ect concentrations on nominal concentrations. The chemical analyses also indicated that there was no or very little degradation of pyrene during the 3-week test period. To evaluate the repeatability of the F. ,metaria test results, three standard tests were performed using pyrene as the toxicant. The results (Table 2) reveal that the estimated toxicity is quite stable, and that the EC -value seems to be the most stable of the e!ect measures used. Note. The e!ect concentrations for pyrene are the average of the three tests presented in Table 2 . ? E!ect measures determined from concentration series of LAS}pyrene mixtures with a "xed ratio in toxic units (EC ) of : . @ E!ect measures determined from concentration series of LAS}pyrene mixtures with a "xed ratio in toxic units (EC ) of : . A E!ect measures determined from a mixture of 1 or 10 mg LAS kg\ and concentration series of pyrene in the range 15}240 mg kg\.
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FIG. 1. Isobolodiagram of the EC
values derived from exposing the springtail Folsomia ,metaria to mixtures of LAS and pyrene.
The e!ect of LAS on springtail mortality and reproduction is found in Table 3 . The highest test concentration was not high enough to cause 50% mortality, and the LC could therefore not be estimated. The results of the combined exposure studies are found in Table 3 and as isobolographs in Figures 1 and 2 . An isobologram represents iso-e!ect lines (isobols) of all possible mixtures of the two compounds. The shape of the isobols represents a speci"c toxicological response or interaction; i.e., concave curve indicates synergy, a straight line represents concentration addition, and a convex line corresponds to antagonism. The data in Fig. 1 (combined e!ects at the EC -level) and Fig. 2 (combined e!ects at the EC -level) reveal a linear relationship, indicating that the e!ects of LAS and pyrene are additive. This conclusion is also supported by the results from the toxic unit approach (Table 3 ). The average sum of toxic units falls within a range 1.35 and 1.05, depending on the toxicity measure. One toxic unit equals the LC /EC / EC for a speci"c substance, depending on the endpoint used for the examination of joint e!ects. As toxic units (TU) are dimensionless, the toxicity of a mixture can be described as the sum of the TU contributed by each component, TU being the ratio between the concentration of a chemical in mixture and the threshold value, e.g., EC or EC , of that chemical. In situations where the sum of TU is approximately one, the toxicity of the mixture is what could be predicted from chemicals having additive e!ects.
JENSEN AND SVERDRUP
FIG. 2. Isobolodiagram of the EC
DISCUSSION
The chemical analyses revealed that very little or no pyrene disappeared during the 3-week test. This is in line with several degradation studies, which generally "nd a slow degradation of pyrene and other four-ringed PAHs (Sims and Overcash, 1983; Park et al., 1990) . The disappearance rate of LAS was not measured in this study. However, Jensen (1999) reviewed the fate and e!ect of LAS in the terrestrial environment, and reported half-lives of LAS between 1 and 3 weeks under normal environmental conditions. A signi"cant degradation of LAS is therefore expected to occur during the 3-week test period.
Test results for the three pyrene tests indicate that the estimated toxicity values are quite stable, and that the EC -value seems to be the most stable of the e!ect measures used. However, concerning mortality, there is not a complete overlap between the 95% con"dence intervals of the three tests. Less than 50% mortality was observed at the highest test concentration of 800 mg kg\ in the LAS toxicity study. A low acute lethal toxicity of LAS was also found by Holmstrup et al. (2001) . In a number of tests with variable soil types and LAS formulations they also found the LC for F. ,metaria to be higher than 800 mg kg\. However, they found e!ects of LAS on reproduction at concentration levels lower than those observed in this study, i.e., average EC and EC values of approximately 95 and 440 mg kg\. Holmstrup and Krogh (1996) also failed to "nd any mortality of springtails below 1000 mg LAS kg\, whereas their EC and EC values of 147 and 737 mg LAS kg\ is in accordance with the observations in the present study. The e!ects of pyrene and other PAHs on soil invertebrates are not well studied. Sverdrup et al. (2001) observed e!ects of pyrene within the same concentration range as the results from this study. They found LC , EC
, and EC values of 53, 16, and 10 mg kg\, respectively. All values were slightly lower than those in this study ( Table 2) .
The combined e!ect of LAS and pyrene mixtures was tested to examine whether these substances, which typically are present in sewage sludge simultaneously, would have any synergistic e!ect on springtails or if additivity could be assumed. A synergetic toxicological action was not expected, but it was hypothesized that the presence of LAS could increase the bioavailability of pyrene, and in that respect increase its toxicity. In the current study, no enhanced toxicity was found, and both the toxic unit concept (Table 3 ) and the isobologram method ( Figs. 1 and 2 ) indicated that a simple additive model would be the most useful when assessing the risk of these two compounds. Although some PAHs are suspected to be genotoxic, the main toxic action of both LAS and pyrene is likely to be nonpolar narcosis, i.e., a general perturbation of biomembranes (Sverdrup et al., 2001; Jensen, 1999) . Although some studies have revealed that this is not always the case (e.g., Warne et al., 1989) , it is generally believed that the toxicity of nonpolar narcotic toxicants are additive, at least at levels below their thresholds.
The toxicity of surfactants in mixtures has received considerable attention since they are used as oil dispersants and as additives in pesticides to reduce the surface tension of the formulations. Lewis (1992) reviewed the e!ect of mixtures on the toxicity of surfactants to aquatic species. He found that oil}surfactant mixtures usually were more toxic than expected from exposure to the oil alone.
For metals it has been found that interaction among the chemicals outside the body are important and partially deter toxicity (Posthuma et al., 1997) . To the authors knowledge it has not been determined how detergents may in#uence the toxicity or bioavailability of PAH to soil invertebrates, for example, by increasing their uptake. However, several studies have veri"ed that detergents, and especially the nonionic detergents, may enhance the biodegradation of PAHs, probably by increasing the bioavailable fraction (Tiehm, 1994; Aronstein and Alexander, 1992; Madsen and Kristensen, 1997) . The lack of augmentation in PAH toxicity by the presence of LAS observed in this study may be explained by a number of reasons. It is a known fact that surfactants may increase the apparent solubility of PAHs (Edwards et al., 1991; Tiehm, 1994) . However, this ability is closely related to the formation of surfactant micelles. In general, concentrations of surfactants below the critical micelle concentration (CMC) have little or no e!ect on the solubility of hydrophobic substances (Haigh, 1996) . The CMC depends on a number of variables, but in general nonionic surfactants have much lower CMC than anionic surfactants such as LAS. Whereas the CMC for LAS is approximately 410 mg L\, the CMC for a typical nonionic 79 surfactant is in the range 20 mg L\ (Haigh, 1996) . A soil pore water concentration of approximately 400 mg L\ is exceeded in the highest LAS concentrations used in these mixture studies, as the test concentration range 75}750 mg LAS kg\ approximately corresponds to 500}5000 mg LAS L\ in the soil pore water, assuming that all LAS will be present in the water phase. Nevertheless, the stimulating e!ect of LAS on solubility of organic contaminants is likely to be smaller than the ones reported for nonionic surfactants. Fox et al. (1997) found, for example, that at concentrations typically found in sewage sludge, LAS had no e!ect on the biodegradability of 2,4-dichlorophenoxyacetic acid and -naphthol. In contrary to freshly spiked soils very little pyrene is expected in the water phase of naturally aged soils. Madsen and Kristensen (1997) , for example, did not "nd any degradation of pyrene in coal tar-contaminated soils that were naturally aged, whereas signi"cant degradation was observed when surfactants were added to the soil. They also found that the enhancement of PAH degradation was less convincing when easily degradable surfactants were added. Although not veri"ed by chemical analyses a half-life of LAS of 1 week is realistic under the relatively optimal conditions in the current study (203C and aerobic incubation) (Jensen, 1999) . This may also partly explain why the observed toxicity in the mixed exposure did not di!er from additivity, although the initial pore water concentration exceeded the CMC of LAS in two studies. Further investigations using nonionic surfactants with CMC lower than that of LAS have been initiated to reveal whether synergistic e!ects of combined exposure to surfactants and organic contaminants on soil fauna are likely.
CONCLUSIONS
Both pyrene and LAS were found to be toxic to collembolans. The e!ect levels were similar to those of previously reported studies and generally far above what would be found in soils outside contaminated areas. When exposed simultaneously to di!erent LAS}pyrene mixtures, springtails responded to the contaminants in a way that could be predicted by assuming an additive toxicity. The concentrations of LAS and pyrene is well beyond what would be expected, for example, in soils recently amended with sewage sludge. It may hence be concluded that the current use of assessment or safety factors in ecological risk assessment is likely to account for potential derivation from additivity among substances acting by narcosis and present in sewage sludge.
